By analysing the measures of student success in learning the fundamentals of physics in conjunction with the research reported in the literature one can conclude that it is difficult or undergraduates as well as high-school students to gain a reasonable understanding of elementary mechanics. Considerable effort has been devoted to identifying those factors which might prevent mechanics being successfully learnt and also to developing instructional methods which could improve its teaching (Champagne et a1 1984, Hewson 1985 , McDermott 1983 , Saltiel and Malgrange 1980 , Whitaker 1983 , White 1983 .
Starting from these research results and drawing from our own experience (Borghi et a1 1984 (Borghi et a1 , 1985 , we arrived at the following conclusions. A strategy based on a rich experimental activity, performed by the students themselves, together with a proper use of computer simulations, could well improve the learning of mechanics and enhance the interest in, and understanding of, topics which are difficult to treat in a traditional way. In this article we shall describe the strategy we have designed to help high school students to learn mechanics and report how we have applied this strategy to the particular topic of projectile motion.
The strategy
The strategy was developed in four strictly correlated phases:
(1) Participation in simple experimental work, introductory to the topic to be studied;
( 2 ) observation of didactic films; (3) the running of computer simulations; and (4) the execution of laboratory experiments. In phase 1 students observe simple experiments 0031-9120/87/020117+05$2.50~ 1987 IOP Publishing Ltd which introduce the topic itself. These experiments must be organised in such a way that students only need to learn the minimum additional physics concepts in order to understand the apparatus and how it works. In this phase it is sufficient for the student to have a qualitative understanding of the topic.
Phase 2 requires the use of a film which illustrates the operation and results of more complex experiments which cannot be reproduced in a laboratory. This provides an opportunity for discussion about Lidia Borghi is a lecturer in physics education in the Department of Physics and Associate Professor of the Science Faculty, University of Pavia (Italy). She has, since 1968, taught physics to undergraduate students of engineering; she is involved mainly in research on the use of microcomputers in education. Recent publications include papers on NMR in biological systems as well as in the field of physics education.
Anna De Ambrosis and Carla I Massara are both physics graduatesfrom the same university (Pavia) now researching there. Their interests and recent publications are also in NMR in biological systems, science education and the use of micros in physics education. Paolo Mascheretti is another physics graduate of the University of Pavia, and also an Associate Professor. As well as publishing with his colleagues (above) in the field of the use of microcomputers in education, his interests include infrared spectroscopy and semiconductor detectors in which field he has also published. The attention of students can be drawn to examples which relate to their own experience. The students are encouraged to compare the apparatus used in phase 1 with those presented in the film. In this way they become aware of the practical constraints and limitations of the experiments observed. In phase 3 computer programs are used to simulate the experiments in phase 1. By varying the range of parameters students can extend their observations to physical phenomena which are difficult to study in a laboratory.
This part of the work allows the students to experiment with physical situations under ideal conditions. This may be particularly useful in guiding them towards a mathematical description of the phenomenon. The final phase gives students a personal involvement in laboratory activity by providing opportunities for them to experience the difficulty of taking measurements in a real experimental situation. In this way they should get effective reinforcement of their knowledge of the theory.
We have named this approach the 'packlab strategy' because the computer package employed in it must be produced and used in strict connection with the planned laboratory activity. We shall now describe a unit which employs the 'packlab' strategy.
The unit
One of the classic problems in mechanics is the motion of freely falling objects in a frame of reference on Earth (assuming the Earth is an inertial frame of reference). This subject is commonly taught in high school, although the literature indicates that students' success in understanding it is far from guaranteed. The free-fall motion of a particle under the action of gravity seems to be of particular interest, firstly because it is a significant example of motion in which the horizontal and vertical components are independent, and secondly because it is possible (by reference to Galileo's work) to develop an historical perspective.
The unit consists of two parts. In the first one the students are made aware that the vertical motion of a projectile is unaffected by its horizontal velocity. In the second one they measure the acceleration due to gravity and study the path of a projectile.
The physics teacher has to devise a way of integrating the unit in the course programme. For example, part 2 of the unit should be used after the students have learned the mathematical description of uniform motion and of uniformly accelerated motion.
In part 1 the apparatus is used to show that the horizontal and vertical motions of a projectile are independent. In the first apparatus (figure l a ) two metal balls, released simultaneously at the same level, move along two parallel and identical inclined guides that continue with horizontal sections of different lengths. The balls, A and B, proceed at the same velocity until one of them (A, say) falls while ball B continues its motion along the horizontal guide. A vertical barrier whose position can be varied is set in front of them. When the balls hit the barrier the students both 'hear' and see balls A and B arriving at the same time at the barrier. They should thus infer that the horizontal displacements and velocity components of A and B are equal (the distances travelled are less than a metre so that the effects of friction can be disregarded).
In the next apparatus (figure lb) ball A moves along a guide and on leaving it activates a switch so that ball B which is held by an electromagnet is released. In this way A and B start their fall from the same level at the same time and reach the ground simultaneously. The student can see that both balls take the same time to fall despite the difference in trajectories. The electromagnet and guide can also be positioned so that A and B collide before they complete their fall. This should reinforce visually the fact that the vertical components are identical. An alternative arrangement can be produced by replacing the inclined guide with a horizontal one and firing ball A by a spring-loaded piston system. For the next phase we suggest the students watch a video showing similar experiments (for example, we used L e leggi del moto-parte 11-Serie Educazione e Scuola) but dealing with a different range of velocities. They are made aware that previous experiments could be extended to consider the motion of objects travelling with larger velocities.
The students are then required to run an interactive graphics program presenting two balls moving as balls A and B did. (This program as well as the one employed in part 2 of the unit was written in BASIC on an Olivetti M20 personal computer and a listing of the programs of the unit may be obtained on request.) The student can vary the value of the horizontal velocity of ball A and observe on the display the horizontal and vertical motions of the balls. The time scale is varied according to choice to ensure a correct value of the acceleration of gravity.
Every step of the previous part of the work is covered by the program. On the display the student first observes two balls moving with the same horizontal velocity along different trajectories and meeting a vertical barrier. The value of the horizontal velocity of the balls and the position of the barrier can be varied. Snapshots of the event are also shown on the display giving images of the two balls at regular time intervals. The balls' positions at equal time intervals are then shown with one of them moving with zero horizontal velocity. The student chooses the other horizontal velocity and the program provides a dotted line connecting the centres of the balls for each time value (figure 2 ) . The line joining the centres remains horizontal and the balls will only collide if the correct horizontal velocity has been chosen.
In part 2 the students are asked to find the relationship between vertical displacement and time for a falling object. Using an inclined guide (figure 3) they vary the value of the distance h between the guide base and the ground and plot the graph of h against x (where x is the range). The graph can be interpreted as h = kx2.
(1)
As the horizontal motion is uniform, x = vt where v, Figure 3 Schematic representation of the apparatus used to find the relationship between vertical displacement and time
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the horizontal component of the velocity, is independent of h. Even if v is unknown the students can write
and conclude that the vertical motion has been uniformly accelerated. The value of the acceleration (g) can be obtained using a conceptually analogous experience which allows students to find the value of horizontal velocity v. A stream of water exits from a horizontal nozzle. The student can vary the range x by modifying the vertical distance h from the nozzle to the ground. They again find a relationship such as
(1) and can obtain k from the graph of h against x. As h = %g?, from equation ( 2 ) , one can easily obtain g = 2kv2.
The value of v can be obtained by measuring the water volume leaving the nozzle in a given time interval by using a graduated container for gathering water and measuring the diameter of the nozzle.
The value of g obtained from this experiment is not as accurate as that from more accurate experiments, such as those using stroboscopic photographs of a ball released without any horizontal velocity. It is enough, however, for the students to conclude that vertical and horizontal motions are not affected by each other. The student is then invited to observe computer simulations of a falling ball: he or she can choose the value and the direction of the initial velocity. More precisely, for each initiaI speed, trajectories corresponding to different directions of motion are displayed. It will be evident that, for a chosen value of the initial velocity, only certain points can be reached and that each position can be reached with two different directions of the initial velocity (figure 4). Each simulation is enriched with graphs of horizontal and vertical components of displacement, velocity and acceleration against time. So the students can again consider the mathematical description of motion which has been learned before using the unit.
At the end of their work, the attention of the students should be drawn to the fact that the intervention of friction may lead to quite different types of motion.
Testing the strategy
Since one of the authors is a university course instructor for the initial physics training of high school teachers, we decided to try the above example on students attending her course. We considered their reactions particularly significant since they were hightly motivated about examining didactic tools. We planned the work that would need to be carried out using the instructional material in a high school class. The preliminary step we proposed was a pre-instructional assessment of the pupils. by giving them questions culled from the literature (Caramazza 1981 , Whitaker 1983 ). The survev was Figure 4 Video display presenting the type of graphics used in the package. A number o f projectile trajectories corresponding to a given value of the initial velocity are shown. It appears evident that only points under the dotted line can be reached expected to provide insights into pupils' ideas about the motion of objects. to reveal possible misconceptions and yield precious indications for the effective use of the unit. We noted that our students themselves found the questions difficult. They openly admitted they did not reflect enough on the topic covered by our unit. This suggested that they used the material as well as just being presented with it. We suggested they examined the Physics Project Course to extend our proposal from this historical viewpoint.
We used the apparatus and computer simulations prepared for our unit and the previously mentioned film. In proposing part 1 of the unit, we arranged to discuss and comment carefully and in detail on the apparatus and every part of the film in order to seek possible extensions and changes to the experiments suggested. It is worth noting that this activity and the discussion that followed aroused considerable interest: it led all participants to recall and, in some cases, reformulate their fundamental ideas on motion.
Conclusions
While testing our unit we confirmed for ourselves the idea that interactive graphics computer packages can be very effective in the teaching of mechanics. In particular they can be an effectual remedy against some misconceptions on motion. A number of valuable computer programs dealing with mechanics are available: the environment in which they are used and the role the teacher plays in proposing them to the students are factors which determine their effectiveness.
In the case of high school students, for example, it is essential that they be given the possibility of grasping the phenomenological aspects of physics. It is therefore convenient to start with simple experiments and only after that to propose computer simulations. It would be very dangerous, in fact, if the presentation of a topic on the computer led to a disregard for the experimental activity of students, on the assumption that a well designed computer program may be a good substitute for practical work. If we want to direct high school students towards a good knowledge of the fundamental concepts of physics. we must also provide them with the possibility of 'hands on' experience with experiments in order that they might test for themselves what a physics experiment is and understand the difficulties that the experimental activity usually presents. If the use of computers is going to be an alibi in the future for avoiding involvement in the physics laboratory. we think that the teaching of physics will be severely spoiled.
On the contrary, integration between the experimental work of the students and computer simulations, by extending the range of the exploration in a way otherwise impossible or extremely difficult to achieve in a common laboratory, could lead to a deeper understanding of physical phenomena.
The strategy we have illustrated represents an attempt to ensure a close connection between the experimental activity of students and use of computer simulations. A proper balance between these approaches in the teaching of physics should give the students a feeling for the complexity of reality, while at the same time offering them a natural way to look for assumptions and simplifications which make it possible to explore reality. It will be the teachers' task to find such a balance, dependent upon the particular subject they are treating, the age and maturity of their pupils and, finally, their ability to work with the material provided. Our experience in refresher courses for high school teachers, together with observations made in testing our unit with future physics teachers, show that the latter is by no means a trivial problem. Therefore, it would perhaps be worthwhile for physics teachers not only to receive material produced by a research group but also to follow the steps of a project whose outcome was the production of such instructional material.
